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As a new type of floor structure, steel vierendeel sandwich plates are widely applied in large-span buildings with multiple storeys.
Shear connectors are important stressed members of such plates. To evaluate the seismic performance of the shear connectors, a
full-scale test piece in two different connection forms, namely, A and B, is designed and tested under alternating load. Test analysis
of the two connection specimens covers the failure modes, hysteresis curves, andmain parameters (e.g., bearing capacity, ductility,
stiffness degradation, and energy dissipation coefficient). The following results concerning type A connection are obtained: First,
it exhibits good ductility and long yielding platform; second, elastoplasticity of steel is fully exerted with it; third, it absorbs and
dissipates energy well with strong energy consumption; and fourth, when failure occurs, cracks usually happen in the heat-affected
zone of the weld in the core zone. The following conclusions about type B are drawn: first, it has large bearing capacity with high
stiffness; also, when failure occurs, the ribbed stiffeners crack and flexion deformity happen.

1. Introduction

Steel vierendeel floor slab was invented by Ma Kejian et al.
in 2002 [1]. In industrial and civil buildings, the size of the
column net should be expanded and the thickness of the
floor structure and the structural weight should be reduced
due to the needs of production processes and functional
purposes [2]. Prestressed, steel-concrete composite floor, and
combined grid structures are commonly included in large-
spanfloor coverings. Steel vierendeel floor slab iswell adapted
to these requirements and is a structural form with broad
application prospects [1]. Steel vierendeel sandwich plate has
the following advantages.

(i) For buildings with large and small spans, the nor-
mal depth of steel vierendeel floor slab ranges from
span/30 to span/25.

(ii) The space between the top and bottom chords can be
threaded to save the layer height (Figure 1).

(iii) The floor slab is light because a hole exists between
the top and bottom chords.

(iv) The construction speed is fast. Spatial steel grid cas-
sette structures can be constructed by steel vierendeel
floor slab and steel grid wall (Figure 1).

This structure is suitable for multi-storey, large-span
industrial and public buildings. At present, the steel vieren-
deel sandwich plate structure is widely used in China
and has been applied to many pilot buildings (Figure 2)
[3].

Steel vierendeel sandwich plate is mainly composed of
top chords, bottom chords, and web members (Figure 3).
The top and bottom chords mainly comprise T-shaped steel,
and the web member is a square steel tube. The three
sections are typically connected by weld (Figure 3), and the
section size is usually not smaller than the width of the
top chord and the bottom chord flanges. The connection
area, which is called web member shear connections, joins
the top chords and the bottom chords to a vertical bar.
Commonly used connections in projects are types A and
B (Figure 3) [4]. The vertical shear connection is the most
complex component of the steel vierendeel sandwich plate
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[5, 6]. Chen Q. et al. [7] analyzed the static performance
of the shear connectors in steel vierendeel sandwich plate
through finite element method. The design parameters of
the shear connectors considerably influenced floor stiffness.
Bai Z. Q. et al. [8] carried out a one-way static loading
test of two shear connectors models and concluded that
type B connection displayed greater improvement in stiffness
than type A. In summary, current research on the con-
nection of steel vierendeel sandwich plate focuses on static
performance.

Steel vierendeel sandwich plate is a large-span floor
structure, and its dynamic catastrophic mechanism is an
urgent problem to be studied [4]. Although many scholars
conducted research on the dynamic performance of steel
structure joints, most of them focused on the bending con-
nection of frame structure beams and columns; thus far, few
works have investigated the shear connection of the web [9–
11]. Low frequency cyclic loading test is an effective method
used to evaluate the dynamic performance of a structure [12].
This study aims to determine the dynamic performance of
the shear connection of the vertical bar through low cyclic
loading test.

2. Connection Tests

2.1. Design of Test Specimens. Vierendeel sandwich plate is
crossed constituted by Vierendeel truss.The bearing capacity
of the plate is controlled by shear force due to the large cross-
section of its vertical bar [13]. A previous research tested
a section of the open web with reference to literature to
assess the performance of shear connectors [13] (Figure 4(a)).
During the test, only the shearing action of the shear connec-
tors under the horizontal force was considered. Figure 4(b)
shows the mechanical model and boundary conditions of the
intersection test.

Two full-scale test specimens were designed to examine
the mechanical properties of A- and B-type connections. The
dimensions of the specimens are based on actual engineering
projects. The total height of the test piece (h) is 600 mm.The
T-shaped section is used for the top and bottom chords, and
the cross-section of the web member is a square tube. The
different parts are welded by manual arc welding. Figure 5
shows the dimensions of the fillet. The type A connection
specimen number is T1, and the type B connection number is
T2.The specimen design and structure are shown in Figure 5,
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Figure 4: Mechanical model of the test. (a) Object of study. (b) Force diagram.

and the component size parameters are shown in Table 1. As
shown in Figure 5, hc is the T-shaped centroid distance. The
test piece material used is Q235B steel.

A displacement gauge is used to measure the displace-
ment of the specimen during loading in the x direction
for the top chord. The resistance strain gauge was used to
measure the strain change of the web member connection
during the test to determine the yield-destructive mechanism
of the web connection. Referring to the stress distribution
characteristics of the shear connectors, the strain gauge is
placed at a portion where the stress of the test piece is great
[14]. Each test piece has one displacement measuring point
and 24 strainmeasuring points. Figure 6 shows themeasuring
point arrangement.

2.2. Test Set-Up and Loading. A set of reaction force brackets
and loading systems were self-designed and fabricated on the
basis of experimental boundary conditions (Figure 4(b)).The

reaction force bracket and loading system were bolted to the
reaction floor. Figure 7 shows the test loading device and its
arrangement. The end A of specimens is box-shaped, and the
side has a round hole, which is connected to the reaction
frame through a pin to form a fixed hinge constraint. The end
B of specimens has no circular hole and is connected to an
actuator through a pin. The B-end, C-end, and D-end of the
specimens are restrained by four sets of limit bearings that
are independently designed with the reaction force bracket to
form themovable hinge support constraint. The limit bearing
comprises a bearing, a screw rod, and nuts. The limit bearing
and the reaction force are fixed by screws and bolts, and the
gap between the specimens can be adjusted. An alternating
load is applied in the x direction at the B end of the specimen
by an actuator. The test protocols are determined according
to the provisions of JGJ101-2015 [15] and the characteristics of
this test.The reaction force data are collected through the load
cell inside the actuator [11]. The actuator and power system
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Table 1: Design parameters of specimens.

Specimens
size T1 T2
𝑎 (mm) 2400 2400
ℎ1 (mm) 150 150
ℎ2 (mm) 300 300
ℎ𝑐 (mm) 530 530
𝑏𝑓 (mm) 150 150
𝑡𝑓 (mm) 8 8
𝑡𝑤 (mm) 8 8
𝑏𝑐 (mm) 150 150
𝑡𝑐 (mm) 5 5
𝑏𝑡 (mm) - 100
𝑡𝑡 (mm) - 8
𝑏𝑔 (mm) 250 250
𝑡𝑔 (mm) 10 10

are purchased fromMTS. Figure 8(a) shows the test protocol
of specimen T1, and Figure 8(b) shows the test protocol of
specimen T2. Every load cycle is 6 minutes long. All the test
data are collected by static signal test and analysis system
(model: TZT3826E), while the sampling frequency is 10Hz.

2.3. Material Properties. The specimens are all made of
Q235B steel. The same batch of steel plate-shaped test pieces
was simultaneously produced in the process of making
specimens. Figure 9 shows the specimen used for material
performance test. Test yield strength (𝑓𝑦), ultimate strength
(𝑓𝑢), and elastic modulus (𝐸𝑠) were measured by homotaxial
tensile test. Table 2 shows the test piece parameters and test
results.

3. Test Results and Discussion

3.1. Test Phenomenon and Failure Modes of Specimens. The
two types of specimens appeared exhibited obvious elastic
properties at the beginning of loading.

When the displacementwas loaded to 28.5mm, specimen
T1 showed remarkable sagging or convex deformation on
the joint that connected the side of the web plate and the
web of the chord (Figure 10(a)). When the displacement was
loaded to approximately 32.5 mm, microcracks appeared in
the heat-affected zone of the joint between the chord web
and the side of the web member (Figure 10(b)). The loading
process is accompanied by the sound of “Zhizhi,” and the
crack is continuously increased with cyclic loading. Part of
the strain gauge failed to fall off. When the displacement
was loaded to 36.5 mm, the cracks at the four joints were
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Figure 6: Arrangement of displacement sensors and strain gauges. (a) Specimen T1. (b) Specimen T2.

Table 2: Mechanical property index of steel.

Square tube T-section steel Cover plate
S-1 S-2 S-3

𝐻 (mm) 50 50 50
𝐶 (mm) 17 17 17
𝐿0 (mm) 84 84 84
𝑎0 (mm) 5 8 10
𝐷0 (mm) 30 30 30
𝑏0 (mm) 20 20 20
𝑓y (MPa) 232 261 255
𝑓u (MPa) 393 410 402
𝐸s (MPa) 2.03e5 2.11e5 2.09e5

successively expanded into U-shaped cracks (Figure 10(c)),
and the bearing capacity of the members reaches a maximum

of 52.3 kN. When displacement was loaded to the maximum
set displacement of 42.5 mm, except for the increase of the
crack at the joint of the chord and the web, the microcrack
appeared in the heat-affected zone, where the cover and the
web were connected, and the bearing capacity descended.
In general, when damage occurred, the bearing capacity of
the specimen T1 did not significantly decrease. Thus, plastic
deformational development was not completed.

When the displacement was loaded to 18.5 mm, micro-
cracks appeared at the joint between the stiffener rib and
the web of the chord in specimen T2 (Figure 11(a)). With
the cyclic loading, cracks appeared at the four joints, and
the specimen performed the elastoplastic stage. When the
displacement was loaded to 20.5 mm, the crack on the web of
the chord began to expand obliquely and increased (Figures
11(a) and 11(b)). When the displacement was loaded to 22.5
mm, the bearing capacity reached a maximum of 162.5 kN.
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Figure 7: Schematic of the test set-up. (a) Self-design of loading device. (b) Test photos.

When the displacement was loaded to 24.5 mm, the joint
between the stiffener and the web began to buckle. The
bearing capacity of the specimen entered the descending
phase, and the crack on the web of the chord expanded
rapidly. When the displacement was loaded to a maximum
of 26.5 mm, the whole stiffening plate exhibited an “S”-
type buckling, and the buckling deformation is shown in
Figure 11(d). After destroying the specimen, the bearing
capacity is obviously reduced, indicating that the plastic
deformation development is perfect.

3.2. Hysteretic Curves. The hysteresis curve is a comprehen-
sive reflection of the seismic performance of the structure and
the main basis for structural seismic elastoplastic dynamic

response analysis [16]. According to the literature [17–19], the
initial geometric defects and residual stress only affect the
initial maximum load reduction of the member and poses
minimal effect on the subsequent hysteresis performance
of the member. Therefore, the initial geometric defects and
residual stress of themember are not considered in this paper.
The hysteresis performance of the web connection node is
mainly contributed by the node domain and the two parts
of the rod.Therefore, the total reaction force P of the loading
point is characterized by the horizontal displacement Δ of the
rod loading point.The total reaction force P of the node is the
load applied by the actuator, and the horizontal displacement
of the loading point is the horizontal displacement of the
actuator. The load P-Δ hysteresis curves for specimen T1 and
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Figure 8: Test protocols. (a) Specimen T1. (b) Specimen T2.
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Figure 12: Experimental hysteresis curves for specimens. (a) Specimen T1. (b) Specimen T2.

T2 are shown inFigures 12(a) and 12(b), respectively. Figure 12
shows the following.

A The hysteresis loops of the two connected specimens
are similar in shape, all of which are spindle-shaped and no
pinching phenomenon are observed.

B At the initial stage of loading, the specimen is in an
elastic working status so that the development of the P-Δ
curve is basically linear. The loading and unloading curves
are basically coincident, that is, the residual deformation is
substantially zero. Residual deformation increases with load
due to the drumming or yielding of steel in the node domain,
and the hysteresis loop area gradually increases, thereby
forming a full shuttle shape. The reason is that the yielding
extent of the pipewall in the node zone is gradually increased,
and the stiffness is also decreased as deformation increased.

C In contrast with specimen T2, the hysteresis curve of
specimen T1 is fuller and has stronger energy consumption.

3.3. Skeleton Curve and Bearing Capacity. The skeleton curve
is the trajectory of the maximum peak of P-Δ curve at the
loading end under each cyclic load. In this study, the skeleton
curve of the specimens can be obtained by connecting the
load peak points of various hysteretic curves of the specimen
successively. The peak points used to obtain the skeleton
curve are shown in Figure 12. Figures 13(a) and 13(b) show

the skeleton curve of specimens T1 and T2, respectively. The
buckling displacement and yield load of the structure are
obtained from the skeleton curve using the energy method
[20]. Table 3 shows the skeleton characteristic values of each
specimen.

When the loading for specimen T1 starts, the skeleton
curve is a straight line and is basically in an elastic working
status. As the load increases to approximately 0.65 of the
ultimate load, the skeleton curve is gradually bended toward
the displacement axis, and the slope of the curve is gradually
decreased. After the peak load, the load does not drop
significantly. When the loading for specimen T2 starts, the
skeleton curve is a straight line and is basically in an elastic
working status. As the load is increased to approximately
0.85 of the ultimate load, the skeleton curve begins to
bend toward the displacement axis, and the slope of the
curve is decreased. After the peak load, the load is dropped
significantly.

Table 3 shows the experimental values of the bearing
capacity of the two types of joint specimens. Under the
condition that the basic parameters of the structure are con-
sistent, the bearing capacity of specimen T2 is approximately
three times that of specimen T1. The connection method of
the vertical rod poses significant influence on the bearing
capacity of the specimen.
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Table 3: The measured value of bearing capacity, displacement, ductility coefficient, and final damage.

Specimen Loading direction Yield point Ultimate point Damage point 𝜇 𝐷
Py/kN Δ 𝑦/mm P𝑢/kN Δ 𝑢/mm P𝑑/kN Δ 𝑑/mm

T1 +𝑥 32.60 11.70 52.37 37.30 49.60 42.29 3.19 0.66
-𝑥 28.47 12.32 52.20 37.26 49.61 42.24 3.02

T2 +𝑥 95.88 9.50 156.71 20.41 110.05 24.20 2.15 0.61
-𝑥 92.33 9.48 162.67 22.41 135.97 24.39 2.36

0 20 40 60

0

20

40

60

P 
(k

N
)

Damage point
Ultimate point
Yield point

Δ (mm)

−20

−20

−40

−40
−60

−60

(a)

P 
(k

N
)

0 10 20 30

0

140

70

210

Damage point
Ultimate point
Yield point

Δ (mm)

−70

−140

−210
−20 −10−30

(b)

Figure 13: Skeleton curves. (a) Specimen T1. (b) Specimen T2.

3.4. Stiffness and Ductility. The stiffness of the connected
specimen is related to the displacement and the number of
cycles. As the alternating load and displacement amplitude
increase, plastic deformationdevelops, and stiffness gradually
degenerates.

In this study, the stiffness of the specimen is expressed by
the secant stiffness that corresponds to the displacement in
the same stage [15].𝐾𝑖 is the stiffness of the specimen in i load
cycle, which can be calculated by

𝐾𝑖 =
+𝐹𝑖
 +
−𝐹𝑖
+Δ 𝑖

 +
−Δ𝑖

, (1)

where 𝐹𝑖 is the peak load of the specimen in i load cycles; Δ 𝑖
is the displacement of the specimen in i load cycles.

Figure 14(a) shows the stiffness degradation curve of
specimen T1, and Figure 14(b) shows the stiffness degra-
dation curve of specimen T2. Figure 14(a) shows that as
Δ increases, the stiffness of specimen T1 deteriorates, and
stiffness degradation is severe when control displacement is
large. Figure 14(b) shows that when the control displacement
is between −20 mm and +20 mm, the stiffness curve of spec-
imen T2 is relatively flat. When the control displacement is
greater than +20mm or less than −20mm, stiffness is rapidly
degraded. The stiffness of specimen T2 is approximately 3
times that of specimen T1.

The load and displacement values of yield points, limit
points, and damage points in Figure 13 are listed in Table 3.

The yield point is calculated by the energy method [20]. The
peak points of the curve in Figure 13 are defined as limit
points. The corresponding points on the skeleton curves are
defined as damage points while the load decreases to 85% of
the limit load [15].

The ductility coefficient 𝜇 is a measure of structure
ductility [21], which is expressed as the ratio of the ultimate
displacement of the structure to the yield displacement:

𝜇 =
Δ 𝑢
Δ𝑦
, (2)

where Δ 𝑢 is the ultimate displacement and Δ𝑦 is the yield
displacement. Table 3 shows the main calculation results.
Table 3 shows that the ductility 𝜇 of T1 specimen is between
3.0 and 3.2, and the ductility 𝜇 of T2 specimen is between 2.1
and 2.4.This finding shows that the two connection methods
exhibit good ductility, and the ductility of type A connection
is better than that of type B connection.

The damage of the connected specimen response can be
obtained through the stiffness degradation value in each load
cycle:

𝐷𝑖 =
Δ𝐾𝑖
𝐾0
, (3)

where𝐷𝑖 is the damage of the specimen in each load cycle;𝐾0
is the stiffness of the joint specimen; and Δ𝐾𝑖 is the stiffness
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Figure 14: Stiffness degeneration curve. (a) Specimen T1. (b) Specimen T2.

degradation value of the joint in each load cycle, which can
be calculated by

Δ𝐾𝑖 = 𝐾𝑖 − 𝐾𝑖−1, (4)

where 𝐾𝑖 and 𝐾𝑖−1 are the stiffness of the specimen in i and
i-1 load cycles, respectively. The final damage of the specimen
can be obtained by summing 𝐷𝑖:

𝐷 =
𝑛

∑
𝑖=1

𝐷𝑖, (5)

where n is the total number of cycles when the specimen is
loaded to failure.

Table 3 shows the cumulative damage of the specimen
under the action of alternating load, indicating that the final
damage D of specimen T1 is slightly greater than that of
specimen T2. The elastoplastic properties of the material are
fully exerted.

3.5. Energy Dissipation Performance. Energy dissipation
capacity and damping are important indicators formeasuring
structural dynamic performance. The energy dissipation
capacity is measured by the area surrounded by the hysteresis
curve of load deformation and is usually evaluated by the
energy dissipation coefficient E and/or the equivalent viscous
damping coefficient 𝜁𝑒𝑞. The calculation is presented as
follows:

E =
𝑆(𝐴𝐵𝐶+𝐶𝐷𝐴)
𝑆(𝑂𝐵𝐸+𝑂𝐷𝐹)

, (6)

𝜁𝑒𝑞 =
1
2𝜋
⋅
𝑆(𝐴𝐵𝐶+𝐶𝐷𝐴)
𝑆(𝑂𝐵𝐸+𝑂𝐷𝐹)

, (7)

where 𝑆(𝐴𝐵𝐶+𝐶𝐷𝐴) is the area surrounded by the hysteresis
curve in Figure 15; 𝑆(𝑂𝐵𝐸+𝑂𝐷𝐹) is the sum of the area of the
triangle OBE and the triangle ODF in Figure 15. The energy
consumption of the yield point, peak point, and damage point
is shown in Table 4. Table 4 shows that the energy dissipation
coefficient and the equivalent viscosity damping coefficient
of each specimen increase with displacement. The energy
consumption of specimen T1 is better than that of specimen
T2.

X
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Figure 15: Load-displacement hysteretic loop.

3.6. Strain Analysis. The strain measuring points in Figure 6
were monitored during the test. Figure 16 shows the distribu-
tion of specimen T1 strain along with loading displacement
changes. Figure 17 shows the distribution of specimen T2
strain with loading displacement changes.

Figure 16 shows that the type A connection is connected
to the end portion of the web in the upper chord and the web
side. Stress concentration occurs. Strain is larger when the
end portion is close. The main strain direction on the side
wall is radial with the intersection of the edge of the chord
web and the side wall of the vertical rod as the origin. The
end of the upper chord is connected to the sidewall of the
web, where the flange strain is large in the edge and small
in the middle. The end of the upper chord is connected to
the sidewall of the web, and the end of the web is close to
the flange, where the strain at the measuring point is smaller,
and the strain away from the flange is larger. In general, when
the loading displacement reaches Δ𝑦, most of the measured
strain at the sidewall reaches yield strain, and the strain at
the end of the upper chord is still in the elastic phase. When
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Table 4: Energy dissipation coefficient and equivalent viscous damping coefficient.

Specimen Yield point Ultimate point Damage point
E 𝜁𝑒𝑞 E 𝜁𝑒𝑞 E 𝜁𝑒𝑞

T1 0.347 0.055 1.173 0.187 1.465 0.233
T2 0.198 0.032 0.404 0.064 0.859 0.137
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Figure 16: Strain of specimen T1. (a) The part of web near the weld. (b) Top chord. (c) The part of web near the top chord. (d) The part of
web near the bottom chord.

the loading displacement reaches Δ 𝑢, most of the measured
strain of the sidewall reaches the peak value, and the strain
at the end of the chord gradually reaches yield strain. When
the loading displacement reachesΔ𝑑 , the stress redistribution
occurs due to the large crack at the joint between the sidewall
and the chord web. The strain at the measuring point shows
a downward trend, and the strain at the end of the chord
continues to increase.

The strain on the stiffening plate in the loading process
among the measuring points of the type B connection is the
largest, followed by the end of the chord and the side wall
strain of the web (Figure 17). In general, when the loading
displacement reaches Δ𝑦, the strain at the point where the
stiffener is connected to the web of the chord initially reaches
yield strain, and the strain at the joint of the bar and the

stiffener bar also rapidly reach the yield strain. However, the
other points still remain in the elastic stage.When the loading
displacement reaches Δ 𝑢, the strain at the point where the
stiffener is connected to the web of the chord reaches the
peak, and the strain at the other points continues to increase.
When the loading displacement reaches Δ𝑑, the strain at
the point where the stiffener is connected to the web of
the chord is gradually decreased due to the overall buckling
deformation of the stiffener and the chord web.

4. Conclusions

The main conclusions are summarized on the basis of
cyclic pseudo-static seismic testing of web member shear
connections, as follows:
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Figure 17: Strain of specimen T2. (a) Flank of web member. (b) Top chord. (c)The part of ribbed stiffener near the top chord. (d)The part of
ribbed stiffener near the bottom chord.

(1) The force performance of the vertical rod connection
is achieved by adopting the self-designed loading
system, which can truly reflect the mechanical perfor-
mance and deformation characteristics of the vertical
rod shear connection under the action of alternating
load.

(2) The ductility of the material in the heat-affected zone
deteriorates due to the stress concentration at the
type A connection between the chord and the side
wall of the vertical rod, as well as the heat input
of the welding. Added with alternating load, the
plastic strain in the heat-affected zone is accumulated,
and the ductility is reduced. Therefore, a U-shaped
fracture crack is formed on the outside of the heat-
affected zone of the chord web and the side wall of
the vertical rod for specimen T1.

(3) In the type B connection, the strain at the connection
between the stiffener and the chord web is the largest,
thereby yielding first. As the loading displacement

increases, the joint between the chord web and the
stiffening plate cracks and develops, eventually caus-
ing the stiffening plate to be buckled and undergo
structural damage.

(4) When the main design parameters are the same, the
stiffness of type B connection is approximately three
times that of the type A connection, and the bearing
capacity is approximately three times that of the type
A connection.

(5) The yielding platform is long, and the stiffness is
degraded slowly so that the energy can be absorbed
and dissipated well due to the sufficient plasticity
development of the Type A connection material.
Energy consumption performance is remarkably bet-
ter than that of the type B connection.
In summary, the two types of vertical rod connec-
tions investigated in this study exhibit good seismic
performance and can meet the engineering design
requirements.
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Notation
𝑎: Specimen length
𝑎0: Thickness of specimen ends for material

test
𝑏0: Working width of specimen ends for

material test
𝑏c: Web member width
𝑏f : Chord width
𝑏g: Cover-plate width
𝑏t: Width of ribbed stiffener
𝐶: Transition length of specimen ends for

material test
𝐷: Final damage of the specimen
𝐷i: Damage of specimen in each load cycle
𝐷0: Width of specimen ends for material test
𝐸: Energy dissipation coefficient
𝐸s: Young’s modulus
𝑓u: Ultimate strength of steel
𝑓y : Yield strength of steel
𝐻: Length of specimen ends for material test
ℎ: Overall height of specimen
ℎ1: Chord height
ℎ2: Net distance between top chord and

bottom chord
ℎc: The distance between the top and bottom

chord centroid
𝐾0: Stiffness of specimen
𝐾i: Stiffness of the specimen in i load cycles
𝐾i-1: Stiffness of the specimen in i-1 load cycles
𝐿0: Working length of specimen ends for

material test
𝑛: Total cycling number when the specimen

is loaded to failure
𝑃: Counter-force of loading point
𝑃d: Failure load of specimen
𝑃u: Ultimate load of specimen
𝑃y : Yield load of specimen
𝑆(𝐴𝐵𝐶+𝐶𝐷𝐴): The area surrounded by the hysteresis

curve
𝑆(𝑂𝐵𝐸+𝑂𝐷𝐹): The area of the triangle OBE and the

triangle ODF
𝑡c: Pip thickness of web member
𝑡f : Chord flange thickness
𝑡g: Cover-plate thickness
𝑡t: Thickness of ribbed stiffener
𝑡w: Chord web thickness
Δ: Displacement of loading point
Δ d: Damage displacement of specimen
Δ u: Ultimate displacement of specimen
Δ y : Yield displacement of specimen
Δ𝐾i: Stiffness degradation value of the

specimen in each load cycle
𝜁𝑒𝑞: Equivalent viscous damping coefficient
𝜇: Ductility coefficient.
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